In this work, poly(vinyl alcohol) (PVA) was incorporated into the networks of polyacrylamide/polyacrylic acid (PAM/PAA) to prepare novel PAM/PAA/PVA Triple-network (TN) hydrogels by an in situ polymerization and repeated freezing-thawing (F-T) process. The TN hydrogels have not only high mechanical strength, but also a moderate swelling ability by varying the weight ratio of calcium chloride (CaCl 2 ) and PVA and free shaping. The compressive stress of the as-prepared hydrogels could reach 11 MPa, and the highest stretching stress could reach 0.8 MPa. Upon mechanical loading, the coordination network between PAA and CaCl 2 served as sacrificial bonds to efficiently dissipate energy. However, they can reform when the mechanical load is released, resulting from the fast coordination between PAA and Ca
Introduction
Hydrogels are hydrophilic three-dimensional polymers that have remarkable capacities to hold water and have achieved much progress in sensing, 1,2 drug delivery, 3 actuation, 4 tissue engineering and so on. [5] [6] [7] [8] Both synthetic and natural polymers can be used for the production of hydrogels, [9] [10] [11] [12] achieved by methods such as physical crosslinking, 13 chemical gelation or self-assembly.
14-16
The combination of covalent and physical bonds has been proven as an ideal method to produce a hydrogel with high strength, elongation, and excellent recovery properties.
17
Cations can form coordination bonds with the appropriate ligands and, in most cases, dissociate and associate reversibly and rapidly. [18] [19] [20] This has led to their use as physical crosslink points for preparing high strength hydrogels because of the ease of energy dissipation and recovery of mechanical properties in a short amount of time.
21,22
Articular cartilage can reach 60% of compressibility strain, and possesses the excellent mechanical properties of quick stress relaxation, large energy dissipation, strain stiffening, and fast recovery of the mechanical properties aer the release of load. 23 The cartilage has a water content of 70-80% from its extracellular matrix composition. 24, 25 Inspired by the mechanical properties of articular cartilage, many tough hydrogels have been designed with double-network hydrogels (DN gels). 26, 27 For instance, Suo et al. prepared a new type of DN hydrogel through combining the networks of PAM and alginate (ionic), which is notch-insensitive, very tough and stretchable up to 20 times the initial length, but still so, with a tensile strength of only z160 kPa. 28 Yu et al. designed a stretchable and tough hydrogel cross-linked between Ca 2+ and graphene oxide. But its tensile stress is also only about 150 kPa. PVA is a water soluble synthetic polymer of great interest because of its many desirable characteristics, such as its viscoelastic nature, high water content, and biocompatibility. Therefore, it is advantageous to use it as a biomaterial for fabricating medical devices to be used as synthetic articular cartilage. 29 PVA can be a semi-crystalline structure, formed through intramolecular hydrogen bonding, resulting from the possession of a large number of hydroxyl side groups. PVA can be made into hydrogels through chemical or physical cross-linking, such as glutaraldehyde acting as a functional cross-linking agents, 30 or ionizing radiation. Physically cross-linked PVA-based hydrogels in water can be prepared by the F-T process, in which, the concentrated PVA aqueous solution induces crystallization, leading to the formation of a network structure. 31 Alternatively, PVA physical hydrogels have drawn even greater research attention, in which, this method addresses toxicity issues because it does not result in the reagent residuals and chemical toxicity; consequently, no toxicity agents leaching from the gel. Furthermore, these physically cross-linked hydrogels, which are inter-connected by hydrogen bonding, exhibit more porous, spongy, rubbery and higher elastic properties than PVA hydrogels prepared by other methods. 32 Currently, these gel matrices have been widely implemented in biotechnology elds. Crystallites serve as physical cross-links that are both reversible and stable, but, unfortunately, PVA hydrogels synthesized using this method are brittle.
Most hydrogels have low stiffness (10 kPa), strength (100 kPa) and toughness (10 J m À2 ). 34, 35 Despite recent progress, it is imperative to develop effective methods of preparing novel hydrogels with excellent comprehensive performance of in terms of mechanical properties, 36,37 the ability to control waterabsorption, and recovery properties in the as-prepared state, as well as in the swelling equilibrium states.
In this work, we have prepared hydrogels with a low covalently cross-linked PAM plus PAA network, a physically crosslinked PVA network through crystallizing by the F-T process, and an ionically cross-linked network between PAA and Ca 2+ .
In this gels, acrylamide (AM) and acrylic acid (AA) were made for the rst network cross-linking, with micro-scale a chemical cross-linker, through an in situ polymerization. Meanwhile, the chains of PVA interpenetrated with network of PAM, PAA and the F-T process, resulting in crystallites, which acted as junction points in the hydrogel. At the same time, the ionic cross-linking between PAA and Ca 2+ made another interpenetration with PVA, in which the third network was created (Scheme 1). All PAM, PAA chains and PVA chains form a continuous network, which closely correlates with the mechanical properties of the TN gels. The as-prepared hydrogels coexisted physical network and covalent network. Ionic bonds and crystallites have been used as the sacricial network, which greatly improved the recovery of the mechanical stability. Based on the coexisting high density physical bonds, stress could be greatly dissipated by unzipping physical bonds during the deformation process. The Triple network (TN) has a synergetic effect, which can dramatically increase the mechanical properties. Because the robust hydrogels were synthesized via a one-pot, two-step procedure, the hydrogels can be prepared in different desired shapes controlled by the shapes of the mould.
Results and discussion

Mechanical properties
The typical stress-strain curves of the prepared hydrogels are shown in Fig. 1. From Fig. 1a , with a xed weight ratio of AM/AA at 2 and the content of CaCl 2 at 4.2% (w/v), the tensile stress and toughness gradually increase with the increasing content of PVA, while the elongation decreased. The tensile strength of the 2-P0-C4.17 TN gel is only z61 kPa at a strain of 1045%. In contrast, the stress of the 2-P8.3-4.17 TN gel can reach 0.804 MPa, which is 13 times higher than that of the 2-P0-C4.17 TN gels. The corresponding tensile strain is 365%, which is much less than that of the 2-P8.3-4.17 TN gels, and the toughness 38 is 1.505 M J
À3
. The results indicate that the introduction of PVA can signicantly improve the mechanical strength, excluding the tensile strain. This occurs from the physical cross-linked density of the as-prepared hydrogel, which is increased through the F-T process and the molecular entanglement between PAM, PAA and PVA, which was strengthened by introducing more PVA. Futheremore, the tensile strain decreased with increasing physical cross-linked density.
The compressive stress-strain curves of the hydrogels are shown in Fig. 1b . The as-prepared hydrogels could be compressed to a strain of 90%, and the stress at this strain was used to evaluate the compressive strength of the as-prepared hydrogels. The curves of the as-prepared hydrogels, which went through the F-T process for a total of three cycle showed that the compressive stress decreased with increasing content of PVA. At this condition, the ionic coordination bonds of the hydrogels play an important role in maintaining the excellent compressive performance.
Another series of experiments' xed the content of PVA and CaCl 2 but with a changing weight ratio of AM/AA (Fig. 2) . When the weight ratio of AM/AA increased from 0.2 to 1, the tensile strength increased considerably, from 64.3 kPa to 0.572 MPa, and the corresponding ruptured strain increased from 417% to 612% (Fig. 2a) . For the different weight ratio of AM/AA, 0.572 MPa was the highest tensile strength. When the weight ratio of AM/AA increased from 1 to 5, the tensile strength decreased considerably from 0.572 MPa to 0.263 MPa and the corresponding ruptured strains decreased from 612% to 491%. The toughness increased dramatically, from near 0.6 M J m À3 to 1.7 M J m À3 , with the decreasing weight ratio of AM/AA (Fig. 2c) .
The results indicated that the mechanical strength of the hydrogel has a strong dependence on the weight ratios of AM/AA. Mechanical strength can be changed by regulating the content of AA, inuencing the coordination interaction. The compressive strain-stress curves of the as-prepared hydrogels are shown in Fig. 2b . The compressive stress increased with the decreasing weight ratio of AM/AA, in which the rules of change differ from those of the stretching stress. The results indicated that the compressive stress was enhanced with increasing AA content and excess Ca 2+ cross-linking with PAA, resulting in increased ion coordination bonds, and improving the compressive strength resulting from the physical cross-linked density. Another series of experiments were conducted, in which the content of PVA and ratio of AM/AA were xed, with only the Scheme 1 Preparation of TN gels by using one-pot, two step method. content of CaCl 2 varied (Fig. 3) . The breaking strain changed slightly with the increasing content of CaCl 2 , and the stretching stress of the 2-P4.17-C0.92 TN gels increased from 0.30 MPa to 0.35 MPa of the 2-P4.17-C4.17 TN gels. Therefore, the results suggest that the inuence of CaCl 2 on the stress and strain was getting slightly with the increasing content of CaCl 2 . Excess CaCl 2 limited improvement of the stress and strain of the asprepared hydrogels, such that superuous Ca 2+ diffused into the hydrogels, leading to enlargement of the ratio of monodentate/bi-edentates. The toughness (Fig. 3c) showed that different content of CaCl 2 had different inuences on the stress and strain. The results of the compressive strain-stress analysis of the as-prepared hydrogels are shown in Fig. 3b ; compressive stress increased with the decreasing content of CaCl 2 . All samples could sustain knotting (Fig. 4a) , torsion ( Fig. 4b) , elongation ( Fig. 4c-d) , compression ( Fig. 4e-g ). Moreover, they had the ability to recover to the initial state when the load was released. The knotting behaviour of the TN gels indicated that they were highly elastic and stretchable. The 2-P4.17-C0.21 TN gels with a diameter of 8 mm, could li up a steel block of z1.5 kg (Fig. 4h and i ) which directly indicates that the hydrogels have high mechanical strength. For the sake of comparison, the 0.2-P4.17-C4.17 TN gels went freezing-thawing for a single cycle and three cycles to reveal if the number of F-T cycle has an important inuence on the compressive stress of the as-prepared hydrogels. The results (Fig. 5a) showed that the compressive stress could increase 10 times with three cycles of the F-T process, in comparison to a single cycle of the hydrogel. Therefore, the number of F-T cycles can improve the compressive stress of the hydrogels, increasing the physical cross-linked density with the increasing number of F-T cycles.
The loading-unloading tests were measured to evaluate the energy dissipation of the TN gels. Successive loading-unloading cycles were applied to the 2-P4.17-C0.21 TN gels, with testing aimed to make the hydrogels experience enough fatigue. Five cycles of 275% stretching loading-unloading results are shown in Fig. 5b and 3 cycles of 80% compressing loading-unloading are shown in Fig. 5c . For the as-prepared hydrogels, the residual strain is almost 0%, and a large obvious hysteresis loop can be observed in the rst loading-unloading. During the immediate second to h cycles of loading-unloading experiments, the residual strain is the same to the rst loading-unloading test, with almost no hysteresis observed. This indicated that the TN structure was only changed by the rst -loading process, owing to the hydrogel' robustness and ability to undergo multiple loading-unloading cyclic stretching experiments without damage. Meanwhile, the almost unchanged hysteresis loops also demonstrated that during the multiple loading-unloading cyclic stretching experiments, stress was well dissipated by the physical coactions of the Ca 2+ and PAA chain unzipping process and the damage to PVA crystallites, while chemical cross-linked networks of the hydrogels remained intact. From Fig. 5c , the 2- P4.17-C0.21 TN gels expressed a large hysteresis loop in the rst loading-unloading cycle, while in the second and third compression loading-unloading cycles, no hysteresis can be observed, with the last 2 cycles almost overlapping with the rst unloading curve. The hydrogels can almost fully recover their mechanical properties within a few seconds. This nding indicates that the TN structure was changed at the rst compression loading process and that the hydrogel only dissipated energy effectively at the rst compression cycle. The pure PVA hydrogels produced by the F-T process are unrecoverable; the physical bonds result from the fast self-assembly speed and high self-assembly delity between PAA and Ca 2+ . The almost unchanged hysteresis loops indicated that, during the multiple loading-unloading cyclic compression experiments, stress was well dissipated by the physical coaction during the Ca 2+ and PAA unzipping process and damage to the PVA crystallites. Fig. 6a shows the loading-unloading curves at different strains for the 2-P4.17-C0.21 TN gels. Apparent hysteresis loops are observed on the loading-unloading curves, indicating that the 2-P4.17-C0.21 TN gels dissipate energy effectively. The data are in Fig. 6b , which clearly shows that the as-prepared hydrogel could dissipate energy as much as 0.086 M J m À3 at a strain of 325%.
Furthermore, there was no hysteresis loop for the sample hydrogel at a strain of 100%, indicating that the hydrogel could not dissipate energy and that it exhibited typical rubber elastic behaviour. The compressive stress-strain curves of the as-prepared hydrogel and hydrogel with 91.1% water content are shown in Fig. 7a . The results of compressive experiments show that the hydrogel with 91.1% water content began its destruction at a stress of 4.5 MPa, without reaching a strain of 90%. Alternatively, the asprepared hydrogel could reach a stress of 5 MPa at a strain of 90% without destruction. However, the compressive stress of the hydrogel with 91.1% water content was higher than the asprepared hydrogel at the same strain (before an 80% strain). Therefore, the results indicate that hydrogels with high water content have excellent performance during the compressing process before reaching an 80% strain, and the highest compressive stress of the as-prepared hydrogel reached 11 MPa (Fig. 7b) . Fig. 8 depicts the SEM image of cross-section morphologies of the sample. According to Fig. 8a and b, the PAM hydrogels exhibited a closely packed honeycomb-like structure. The crosssection morphology of the 2-P4.17-C0.21 TN gels (freeze-dried) is shown in Fig. 8c and d . From Fig. 8c , numerous spines and a few pores were present. And the rough structure indicates the molecular entanglement between the chains of PAM/PAA and PVA. This morphological change explains the swelling capacity of the gels. With the introduction of PVA, the physical crosslinking density of the hydrogel was increased by the F-T process cycles, and the molecular entanglement between PAM, PAA and PVA was strengthened, leading to a decreased hydrogel water content but increased tensile strength. In the freeze-drying process (hydrogels dehydrated by lyophilization), the PVA of the hydrogel was frozen into a crystal area and the pores of the PAM, PAA produced by lyophilization were eventually lled with the chains or the crystal area of PVA.
SEM results
Fourier transform infrared (FTIR) spectroscopy
The FTIR results of the gels are shown in Fig. 9a . A broad band appearing at 3430 cm À1 in the PVA gel spectra corresponds to stretching vibrations of the hydroxyl groups. And a band appearing in the spectra of 1095 cm À1 is related to C-O stretching.
The PAM gel showed bands at 3435 cm À1 and 3200 cm 
X-ray diffraction (XRD)
The XRD results (Fig. 9b) showed a amorphous diffraction for the PAM gels with a broad peak at 2q ¼ 41 degree. And the PVA gel exhibited a typical peak that appeared at 2q ¼ 20 degree, corresponding to the mixture of (101) and (200) plane of PVA semi-crystalline in pure PVA gel. 39, 40 PVA crystallinity decreased with decreasing PVA content in the TN gels. And PVA semicrystalline can be formed in TN gels. The molecular entanglement between PAM, PAA and PVA could account for the decreasing of PVA crystallinity. Fig. 10a displays the equilibrium swelling ratio (ESR) of the hydrogels in deionized water (DI). The swelling ability of the hydrogels increased with declining PVA content. The 2-P0-C4.17 TN gels showed a maximum swelling ratio of 1015.6%, compared to 587.0% for the 2-P8.33-C4.17 TN gels. Less crosslinked hydrogels tended to show higher water absorption ability, because the highly cross-linked structure could not sustain a large amount of water within the gel structure, reducing the space and ability to take up water during the F-T process. For the TN gels, when the PVA content decreased, the physical cross-linked density of the hydrogel network decreased, and molecular entanglement between PAM/PAA and PVA was weakened, which led to improvement in the hydrogel swelling ability. At the same time, the swelling capability was strongly inuenced by the hydrophilicity of the hydrogels. The swelling ability of the gels, with a changing AM/AA ratio, is shown in Fig. 10b . By enhancing the weight ratio of AM/AA, the crosslinking between PAA and Ca 2+ decreased, and the hydrophilic groups of the hydrogel networks increased, and consequently, the hydrogel absorbed more water, demonstrating improved swelling ability. Fig. 10c shows the ESR of the hydrogels in DI with changing CaCl 2 ; the weight ratio of AM/AA and PVA were unchanged. Furthermore, the ESR of the hydrogels gradually increased with the decreasing CaCl 2 content, excess CaCl 2 was cross-linked with PAA with the increasing AA content. Therefore, the hydrophilic groups were decreased, leading to a decreased swelling ability. The swelling ability of the prepared hydrogels can be improved by controlling the ratio of AA/AM, AM/PVA and AA/CaCl 2 , according to the swelling experiments.
Swelling behaviour
Experimental
Materials AM, AA, and CaCl 2 were purchased from Kermel. PVA (average M w ¼ 89 000 g mol
À1
) was purchased from Sinopharm Chemical Co, Ltd. Ammonium persulfate (APS), N,N,N 0 ,N 0 -tetramethylethylenediamine (TEMED) and N,N 0 -methylenebisacrylamide (BIS) were purchased from Energy Chemical. The concentrations of the stock solution of TEMED (liquid), APS, and BIS were xed at 5% v/v, 1% w/v and 1% w/v, respectively. All materials were used as received.
Preparation of TN gels
The hydrogels were prepared using a two-step method. First, the hydrogels were synthesized through an in situ radical polymerization of the monomers (AM and AA) in an aqueous solution of PVA with a small amount of BIS, which acted as a cross-linker.
The TN gels were then obtained by an F-T process. The initial concentration of AM plus AA was kept at 25% w/v, whereas the concentration of PVA was varied between 0 and 8.33% w/v; the concentrations of TEMED, APS, and BIS were 0.208% v/v, 0.083% w/v, and 0.025% w/v, respectively. First, PVA was added to DI and stirred continuously at 90 C for about 2 h to form a homogeneous, transparent solution with the designated concentration. AM, AA, CaCl 2 , BIS and PVA solutions were then added into a ask, and the solution was stirred vigorously with a magnetic stirrer at room temperature for 2 h. Argon gas was bubbled through the solution for 30 min, and the APS (1 ml) and TEMED (1 ml) were introduced. The mixture solution was transferred into the mould, and the radical polymerization was carried out in a water bath at 65 C for 8 h. The hydrogels were removed from the mould aer polymerization, frozen at À20 C for 12 h and thawed at 25 C for 8 h, for three consecutive cycles.
Finally, the samples were stored in the as-prepared state for mechanical property testings. In this article, the as prepared TN gels are denoted as x-PyCz, where P and C indicate PVA and CaCl 2 , respectively, x represents the weight ratio of AM/AA, and y, z represent the corresponding concentrations in the form PVA/DI (w/v) and CaCl 2 /DI (w/v), respectively. For example, 2-P2.1-C0.92 TN gels represent a gel containing AM/AA with a ratio of 2, PVA with a PVA/DI ratio of 2.1% w/v and CaCl 2 with a CaCl 2 /DI ratio of 0.92% w/v. FT represents the Freezing-thawing process. S and W represent the cycles of loading-unloading experiments and water content, respectively.
Measurements of mechanical properties
Tensile and compressive tests were performed on the asprepared hydrogel samples with a Universal Testing Machine (WDW-10) at room temperature. The hydrogel samples for tensile testing were rod-like shapes 50 mm in length, while the diameter of the as-prepared hydrogel samples was 7 mm, with a crosshead speed of 100 mm min À1 . The tensile strain was taken as the length change related to the initial length, and the tensile stress was evaluated on the cross-section of the initial sample. The toughness was calculated from the area of the stress-strain curves. For compression testing, cylindrical samples of the as-prepared hydrogel were (30 mm diameter and 30 mm height). The crosshead speed was 5 mm min À1 , and the compression strength was obtained using the stress at deformation of 90%. The hysteresis of the as-prepared gels samples was measured at a deformation of 80%.
Swelling experiments
The swelling properties of the hydrogel were characterized by a gravimetric method. 41 The dried hydrogels were immersed in excess DI to reach the state of swelling equilibrium at room temperature. The equilibrium swelling ratio was calculated as:
where W s is the weight of the swollen gel and W d is the weight of the dry gel.
Scanning electron microscopy (SEM)
The surface morphology of the hydrogels aer being freeze dried was investigated by scanning electron microscope (JSM-6700F, Japan) using 3.0 kV voltage. Prior to observation, the freeze dried fracture sections were coated with a thin layer of platinum to enhance conductivity.
X-ray diffraction (XRD)
A D8 Advance X-ray diffractometer (Bruker, Germany, 40 kV, 40 mA, Cu (Ka) radiation, l ¼ 1.54184Å) was used to measure the crystallinity of the TN gels. The XRD results were obtained from 5 to 80 , 2q at a rate of 10 min À1 .
Fourier transform infrared (FTIR) spectroscopy
The hydrogels were freeze-dried by a lyophilizer for 24 h at À50 C to eliminate water molecules from the gels. FTIR spectra were recorded between 400 and 4000 cm À1 on a FTIR Spectrometer from Bruker Optics Inc.
Conclusions
In this work, we synthesized and characterized TN gels. A PAM, PAA network and PVA network can be simultaneously mixed and interspersed together in a unique one-pot, two-step reaction, with the resulting hydrogels having anti-fatigue and supertough properties. The PAM, PAA network provided a rigid scaffold for holding up the shape of the TN gels, whereas the PVA polymers in the PAM/PAA networks play a role in energy absorption. Some PVA chains entangled with the PAM, PAA chains, and the PAA and Ca 2+ made another network by ionic cross-linking. This simple two-step method is particularly interesting when a chemical, physical and ionic network is mixed into the hydrogels to enhance the mechanical strength. Even hydrogels with high water content had the excellent compressive performance. The mechanical properties and absorbing ability of the TN gels can be adjusted by regulating the concentration of PVA and the number of F-T cycles; the compressive stress can be regulated by controlling the AM/AA weight ratio. The as-prepared hydrogels have more potential applications as materials for articular cartilage and articial muscles.
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